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ABSTRACT
Three devices: Synchrotron light Telescopes, Wire Scanners and non imaging
X-Ray detectors measure the electron and positron beam emittances in LEP. The
particular design features which allow to measure with precision the beam
emittance with the Synchrotron Radiation Telescopes are described. The results of
comparative measurements with the three instruments and an experimental detector
are given, and the importance of the measurement and knowledge of the betatron
functions is stressed.
1. INTRODUCTION
The standard deviation σ of a beam profile, along a chosen direction, is given in a circular
accelerator by:
σ 2 = β  + ( D ∆E/E)2 (1)
where β and D are the betatron amplitude and dispersion functions at the monitor location,  is
the beam emittance for the chosen direction and ∆E/E the energy spread of the beam. By
measuring σ, the beam emittance can be calculated directly from (1) if β is known and if D is
negligible. If the second term of (1) is not negligible, then two locations are needed for
calculating  and ∆E/E.
 When ten years ago, in 1984, the measurement of Emittance for LEP was examined, three
detectors were considered for its measurement: Synchrotron Light Telescopes, Wire Scanners
and X-Ray non imaging detectors. It was assumed that the only unknown quantities for
determining  would be the beam size σ and energy spread ∆E/E.
The Synchrotron Light Telescopes were the natural candidates for the observation of the
real time behaviour of the beams. For the precision emittance measurements, visible light
Synchrotron Radiation monitors were suspected to be limited in precision because of
diffraction, whereas Wire Scanners, which had given previously good results in the SPS p-p-
collider, and X-Ray detectors which had to be developed, were considered to be able to give
far better results. A more precise analysis of the monitors was needed to assess their
respective potentialities.
The Wire Scanners [12, 13] sample the beam over a certain number of turns at successive
transverse positions. The signal acquired comes from the Bremsstrahlung photons generated
by the beam when interacting with the wire. Individual bunches are measured by proper timing
of the detector signals. The short bunches induce electromagnetic fields which can heat the
wire until destruction. The wire scanners are hence limited in use by the total circulating beam
current. The limit has been increased over the years from 1 mA to above 4 mA at a wire speed
of 0.5 m/s by careful improvements of the wire material, the supporting fork and the vacuum
tank. The secondary emission signals from the wire are impractical because of the short lepton
bunches and are not used. The precision of the monitor is determined mainly by the
mechanical construction and by the precision of the wire position readout device. The latter is
an optical ruler with a resolution of 4 µm. Stable beams are required over the measuring time,
typically equal to 60 revolutions, for best precision. At injection energy, i.e. 20 GeV, the wire
blows up the beam [12], which has to be taken into account. The Wire Scanners can also
create unacceptable background in the experimental detectors which limits their use. Within
these limitations, they provide high precision direct beam size measurements.
The Synchrotron Radiation (SR) Telescopes [9, 10] integrate the light coming from all
circulating bunches over a large wavelength spectrum, typically 400 to 1000 nm, and over one
mains cycle, i.e. 20 ms or 224 LEP turns, when using a standard TV type detector. Individual
bunches can be selected with the use of a gated light intensifier. The main limitations of this
detector are the possibly large diffraction patterns generated, the precise determination of the
light origin and the longitudinal acceptance. These limitations can be particularly severe in
LEP because of the large radius, 3099 m, of the beam trajectory in the main bending magnets.
They require a correction to be subtracted from the measured beam sizes. The precision of this
correction will determine the precision of the measurement. The advantages of the SR
Telescopes are that they are not beam interacting and that they provide a 2D image of the
beam at a frequency of at least 50 Hz.
The X-Ray detectors [14] had to be developed for LEP and were hence not guaranteed to
be available soon after the LEP start-up scheduled in 1989. The detectors sample vertically the
X-Ray beam at a pitch of 100 µm. There is one detector for each particle type. As the
previous monitor, they are not beam intercepting and have the advantage to be able to provide
a vertical beam size of the individual bunches turn-by-turn. As they operate with X-Ray
wavelengths the diffraction broadening is negligible, but because of the non-imaging nature of
the detector, they experience an image broadening generated by the natural radiation
divergence. This broadening, estimated to be around 125 µm, has to be subtracted from the
measured beam size and its evaluation will determine the monitor precision.
Finally, only the imaging SR telescopes appeared to be able to provide a permanent
measurement of both horizontal and vertical emittances soon after the start-up. Under these
circumstances it appeared desirable to extend the performance of the SR telescopes to the
precision measurement of the transverse beam sizes, to develop the X-Ray detector for
providing fast and permanent vertical beam size measurements as soon as possible after the
LEP start-up and to improve further the SPS Wire Scanner to provide a reference monitor for
the other instruments.
Four SR telescopes are installed in LEP around IP8. There are two telescopes for each
particle type. One is located at the exit of the experimental straight section where the
Dispersion is small and the other is in the arc where the Dispersion is large: Fig. 1. With this
set-up it is possible to calculate from the two telescope data the emittances and the energy
spread of the beam for both horizontal and vertical directions.
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Fig.1: Synchrotron Light Telescopes layout in LEP.
In order to provide these measurements with good precision, at least three parts of the
Synchrotron Light Telescopes had to have a performance better than the one of available
beam monitors, i.e. the optical set-up, the detector and the image signal processing.
The Streak Camera [20] should also be mentioned. The light generated in mini-wigglers
close to IP1 by both types of particles is brought to an accessible optical laboratory where it is
processed and brought to a commercial double sweep streak camera. The light processing
consists of splitting the SR in two parts and rotating one of them by 90o in a Dove prism. In
this way, the Streak Camera will display Top and Side views of the beam bunches of each
particle type. The four series of views are processed at 50 Hz for longitudinal and transverse
dimensions of the bunches. However, the main function of the streak camera is to measure the
length of the LEP bunches and to visualise beam instabilities. It is a very powerful tool for the
LEP operation and machine studies. It is a good complement to the emittance measuring
devices to assess the stability of the beam and  to validate the emittance measurements, but it
is not yet a tool for precision emittance measurements.
2. THE SYNCHROTRON LIGHT TELESCOPE
The major optical limitations of the instrument are the diffraction, the presence of the
vertically polarised component of the SR, the precise knowledge of the longitudinal position
of the light origin and the longitudinal acceptance of the telescope. The design aim was to
minimise these effects and to be able to measure precisely and independently the remaining
contributions to the measured beam sizes for later correction. It was assumed that a gaussian
approximation of the various contributions was acceptable for the deconvolution of the
measurement. The validity of this assumption will have to be checked.
The diffraction in the vertical plane is first determined by the natural opening of the
synchrotron light cone, given by [1]:
Ψrms = 0.41 (λ/ρ)1/3 (2)
where λ is the wavelength of the radiation used and ρ the radius of curvature of the trajectory
in the bending magnet (3099 m). If no other aperture limit is introduced, this will result in the
minimum diffraction in the vertical plane. The diffraction pattern at the detector will be, in the
considered approximation, a gaussian with standard deviation:
σDV = kDV  λ 2/3 (3)
At the light extraction point of the telescope, the SR is a horizontal band which will be
limited by the light extraction mirror. Assuming a uniform window, it will generate a
diffraction pattern, the width of which at the detector will be of the type:
σDH = kDH λ /w (4)
where w is the width of the extraction mirror.
In both directions, the diffraction broadening of the light spot will decrease when
decreasing the light wavelength λ, hence the smallest possible wavelength should be used.
A perfectly achromatic set-up using only mirrors has been chosen, despite its higher
complexity, so as to be able to measure precisely and without ambiguity these contributions.
The other optical limitations are the longitudinal extension and the precise selection of the
centre of the light source. This problem cannot be solved adequately with the conventional
telescopes. A telescope set-up designed and tested earlier on a low energy electron beam [2]
was used for this function. It uses a spherical mirror as imaging device and its principle can be
best understood in Fig. 2 using the horizontal phase-space defined in [3]. The center of the
phase-space is at the chosen origin of the light and the axes are the horizontal machine axis x
and the trajectory angle θ with respect to this point. In this phase-space, the beam trajectory is
a parabola, the extraction mirror is defined by a skewed acceptance band, and a vertical slit
located at the focal point of the spherical mirror is represented by a horizontal acceptance
band. As can be seen in this diagram, a slit located at the focal point of the imaging mirror
defines precisely the centre of the light source and the longitudinal acceptance. The slit is now
the aperture limit and generates a diffraction broadening given by (4) where w is the slit width.
By moving the slit, the whole acceptance defined by the extraction mirror can be explored.
This functionality replaces the steering of a conventional telescope. By changing the slit width,
the extension of the longitudinal acceptance is changed. It can be seen that the telescope
acceptance doesn't change when the position of the beam changes. The focal point is the only
location where this is true. At any other location, the slit would be a skewed band similar to
the extraction mirror band and the longitudinal acceptance would strongly depend on the
horizontal beam position. The limiting aperture is a horizontal slit and not an iris so as not to
introduce additional diffraction in the vertical plane [6]. Simulations have shown that the
longitudinal acceptance introduces an image broadening at the detector of the type:
σLA = kLA w (5)

















Fig 2: Telescope horizontal phase space, with beam trajectories (δx = -5, 0, +5 mm),
extraction mirror and slit at the focal point of the imaging mirror.
The next limitation comes from the vertically polarised component of the synchrotron light.
The horizontal component is a single lobe containing all the information about the beam and
can be imaged as any gaussian beam onto a detector. To the contrary, the vertical component
has two lobes [1] which are critical for the precision of the measurement because they define a
very limited longitudinal acceptance before deteriorating the beam image on the detector
where they generate two light spots when only slightly out of focus. Even so the horizontal
polarisation component contains 3/4 of the total energy, it is beneficial to filter out the vertical
polarisation component. A first polarisation filtering using the difference in reflection
coefficients for the parallel and perpendicular (to the incidence plane) polarisation components
of metallic reflections on Beryllium and Chromium mirrors has been implemented [4].
Additional attenuation can be provided by polarisation filters.
The last critical component of the telescope is the extraction mirror. This mirror will be
submitted to heavy synchrotron radiation which will deform it. Calculations have been carried
out [8] which have demonstrated the necessity to use Beryllium mirrors of the simplest
parallelepipedic shape for minimum deformation. Calculations for mirrors with more elaborate
shapes resulted in larger deformations. In order to be outside the nominal LEP acceptance,
this extraction mirror has to be located at 21.7 m from the SR source to be measured.
The final design of the telescope is shown in Fig. 3. The imaging function is achieved with a
4 m focal length spherical mirror. A Magnification G = 0.2 is achieved with the help of the
folding mirrors. Chromatic filters, polarisation selection filters and density filters are inserted
to control the wavelength, the polarisation components and to match the light intensity to the
detector sensitivity for highest dynamic range.
The telescope is implemented on a standard 3.2 m optical bench which is placed inside a
stainless steel tube, for stability and protection. This tube rests on a stable support above the
LEP main bending magnets [9].
3. THE DETECTOR
 A Frame Transfer CCD detector [5, 6] has been chosen for its perfect spatial precision of
23µm square pixels, its high sensitivity and large spectral range (λ from 400 to 1000 nm), and
the possibility to manipulate the information at the detector level for fast projections and turn-
by-turn information. Cooling of the detector by Peltier cells has been implemented in order to
decrease the thermal charge generation, important for slow read-out and special operations.
Under these conditions, the detector chain has a dynamic range well above the usual video 8
bit converters. To go well beyond the 8 bit resolution, a slower ADC had to be chosen. A 12
bit, 1 MHz sampling ADC was retained as the best compromise for precision data acquisition.
The data is acquired pixel by pixel in a non video mode. The light pulses coming from the
circulating bunches are integrated between  2 and 32 ms, i.e. for 22 to 360 LEP turns, for best
sensitivity. Fast beam instabilities or power supply ripple are seen as apparent beam
broadening in this mode.
In order to measure single bunch emittances or to observe turn-by-turn variations, a fast
electro-optical shutter has been put in front of the CCD. Because of the nature of these tubes,
comprised of a photocathode, an amplification mechanism and a screen, it is possible to use
this device also as a wavelength shifter, matching the short wavelengths available after a
quartz window, i.e. above 180 nm, to the sensitivity curve of the CCD and hence decrease the
diffraction broadening, see formulae (2) to (4). A first generation 2-stage shutter/amplifier
diode gave disappointing results [10]. It made it nevertheless possible to observe single shot
events, but introduced a spot broadening which was higher than the gain in diffraction when
going from 450 nm to 254 nm. A second generation device, using a Multi Channel Plate
(MCP) intensifier is giving better results. It permits not only to observe single bunch
phenomena but produces also a much lower spot broadening which is beneficial for good
precision beam size measurements. The MCP is coupled to the CCD by a Fiber Optic plate for
compactness and efficient light transfer. It introduces a broadening which will be characterised
by a standard deviation:
σMCP = kMCP (6)
Next to the main functions of the monitor as described previously, other measurements can
be performed. It was realised at the initial stage of the project [7, 9] that the combination of
Fast Shutter and Frame Transfer CCD would also permit to observe the turn-by-turn
behaviour of the beams. The principle of the operation is depicted in Fig. 4 and works as
follows: the light is imaged onto the CCD, in this particular case near the limit of the image
and the memory areas. The shutter is opened at a time defined by the Beam Synchronous
Timing BST [16] for a time as short as 250 ns. When the shutter has been closed, the charges
representing the beam cross-section, are moved up into the memory area and are protected
there from overwriting. This takes less than one LEP turn, and the detector is ready to acquire
a new image. This operating mode has been called the "Burst Mode".




Fig. 4: CCD in "Burst mode": The beam is imaged onto the image area. Between successive 
light pulses, the stored profiles are shifted up into the memory area. At the end of the 
process, the memory area contains up to nine profiles to be read out.
 With the present beam sizes, it is possible to acquire and store up to nine successive
images on the CCD. This number can be doubled if the image is put at the other end of the
image area of the CCD and if  both memory and image areas are digitised. This mode allows
to analyse instabilities and to quantify resulting transverse emittance changes. Wild turn-by-
turn non gaussian beam density changes have been observed on the 3D displays . They appear
to smooth out into regular gaussian profiles when integrated over many turns.
Another possibility is to extend the dynamic range of the detector for low density tail
studies. To achieve this, the central dense part of the beam profile is attenuated 100 times or
more with a so-called “corona filter”, in analogy to the corona telescopes for the sun
observation, and the other filters adjusted for maximum signal out of the detector. Non
gaussian tails have been observed with the help of these filters.
4. THE IMAGE PROCESSING
Next to the usual real-time TV monitor observation, which is the preferred operational
mode, two processing methods are used.
First, the CCIR standard TV signal is digitised with video 8 bit converters on a VME board
[11] and the horizontal and vertical beam projections calculated every 40 ms. Due to the long
distance between the telescopes and the processing electronics located in the accessible
underground cavern close to IP8, see Fig. 1, this method is only used to visualise relative
variations of the beam sizes. It is extremely useful for the machine operating teams when
tuning LEP, and has been put on a TV monitor for permanent display. A new point is
generated every 600 ms after averaging: Fig. 5. It is used in general with the light integrated
over all bunches for 20 ms, but it can also be used for individual bunches.
Fig. 5: TV display of the sizes of the e+ and e- beams with a point generated every 600 ms.
For precision measurements, the CCD frame is digitised with the 12 bit ADC, which
disturbs the TV image as the process takes presently ten TV frames to digitise the 105 pixels
of the CCD. The data can be displayed on a workstation as a spot as seen on a TV monitor,
with signal level colour encoding, as three dimensional displays for a better estimation of the
irregularities of the image density and as projections along the horizontal and vertical axes of
the CCD detector. The real useful data, i.e. beam emittance, is obtained from these
projections. Because of thermal charge integration on the detector, a slope appears on the
vertical projection [6] and has to be evaluated and subtracted. This slope decreases drastically
when cooling the CCD chip with Peltier cells. The beam standard deviation is calculated in a
two step process from the data of the projections. In the first pass, the rms of the profile
distribution, for the data above a given threshold, is calculated. In the second pass, this result
is used to calculate a gaussian fit with a χ2 method for the data above a threshold fixed
empirically at 30% of the peak value. The beam size is then calculated from these results by
subtracting quadratically the contributions from the diffraction and depth of field.
5. EXPERIMENTAL RESULTS
As soon as circulating beam was available, the telescopes had their folding mirrors precisely
adjusted and could be used for beam observations. For achieving precision emittance
measurements, the telescopes have to be aligned onto the tangent to the beam orbit at the
theoretical light source and the contribution of the diffraction and depth of field measured.
The precision alignment of the telescope to better than 0.1 mrad is achieved with a "slit
scan". In this operation, the slit is closed to an angular acceptance of 0.25 mrad, and its centre
is moved across its ± 1.25 mrad range. During the scan, the Signal-Noise level, the horizontal
and vertical dimensions and the centre of the light spot are recorded: Fig. 6.
These curves will define the telescope direction pointing towards the chosen light origin
point. This point, as indicated by simulations, is defined as the one with the minimum vertical











Fig 6: Signal-Noise, Horizontal and Vertical Beam Sizes measured during a slit scan.
The horizontal slit position has been translated into angular direction of the telescope.
These slit scans are done regularly to check the telescope alignment. The telescope has to
be aligned to better then 0.2 mrad for an additional error of the measured emittance smaller
than 0.1 nm. This alignment is stable during normal running over quite long periods. The slit
scans have shown the long term relative ground motion, between the light source and the
telescope, during the period when tunnelling work for klystron galleries was carried out in the
vicinity of the main tunnel portion where the telescopes are located. Fig. 7 shows scans taken
over a three year period and demonstrating the relative drift of the telescope direction.
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Fig 7: Relative angular change of direction of  a telescope comprising the period of tunnelling 
of klystron galleries parallel to the main LEP tunnel.
Once the telescope is pointing in the desired direction, the effects of the depth of field and
of the diffraction are studied by changing the slit width and the wavelength of the light
incident on the detector and by measuring the Horizontal and Vertical beam sizes.
The vertical beam size is only affected by the depth of field when changing the slit size,
whereas the horizontal beam size is affected by both depth of field and diffraction, see (3) to
(5). The effect of the longitudinal acceptance is an image defocusing and is the same for both
directions. It will hence be estimated from the change in vertical beam size. In the horizontal
plane, the two effects vary in opposite directions and result in a slit width where the beam size
is minimum. The latter will increase sharply when the slit is closed because of diffraction,
whereas in the vertical plane it is decreasing with slit width because the longitudinal
acceptance decreases, except when coupling from the horizontal towards the vertical direction
takes place on the detector, which becomes significant in general for slit widths below 0.5 mm
or angular acceptances below 0.1 mrad. The result of such a scan is given in Fig. 8.
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Fig. 8: Horizontal and Vertical beam image sizes recorded during a Slit Width Scan.
The diffraction is estimated by measuring the image sizes as a function of the selected
wavelength. A set of wavelength filters, centred at 254, 450, 622, 800 and 950 nm, has been
chosen to cover the sensitivity curve of the CCD detector and of the fast shutter/intensifier.
The results of such a Wavelength scan are given in Fig. 9 where it can be seen that the
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Fig. 9: Horizontal and Vertical beam sizes as measured during a wavelength scan.
This broadening  is not the same in both directions because of the construction of the MCP.
The smallest broadening has been put on the vertical direction.
These measurements have been made regularly over the last five years. Their precision has
been improved over this period because the achieved beam emittances have decreased and
because the instruments and the associated software have been improved. The most recent fits
for the correcting coefficients give following values:
kDV  =  3.82
kDH  =  1.44
kLA  =  40
kMCP/V = 110
when σ's are expressed in µm, λ in nm and w in mm.
The main contribution to the image broadening comes in both planes from the diffraction.
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where σm is the spot size measured by the telescope. When using these values, there is a
good agreement between the calculated σm curves and the experimental data, confirming that
the gaussian approximation is legitimate. With these corrections, it is possible to calculate the
emittance and to plot Emittance versus measured beam size curves: Fig 10. These curves





















Fig. 10: Measured beam size versus Vertical Emittance for the standard operating conditions,
i.e. λ = 450 nm and slit width w = 2 mm, for the QS12 Telescopes.
To summarise, it can be stated that the LEP SR Telescopes are self-calibrating devices. Slit
position scans determine the precise orientation of the telescopes towards the theoretical light
source, whereas slit width scans and wavelength scans determine the image broadening due to
longitudinal acceptance and diffraction, which can be subtracted quadratically from the
measured spot size. The beam emittance can be calculated from the beam size at the locations
where the dispersion D is negligible, and the energy spread with the additional results of the
other detector.
6. CROSS CALIBRATION WITH WIRE SCANNERS AND X-RAY DETECTORS
Cross calibrations with the other beam size measuring devices are carried out to confirm
the assumptions made previously about the gaussian approximations and the self-calibration
possibility and to check the absolute precision of the SR telescopes.
The initial cross calibrations were attempted with the wire scanners which were the first
alternative profile measuring instrument available. It was soon realised that these instruments
were limited with respect to the total circulating current [12] and that some mechanical
improvements had to be implemented before the precision was good enough to calibrate the
SR telescopes.
Another cross calibration possibility became available recently when the X-Ray detector
channels could be auto-calibrated with enough precision and could then provide reliable
results [15].
A first cross calibration session of eight hours was obtained in late 1993 [19]. The first part
of the experiment was devoted to the precision tuning of the three instruments and to an
optics functions measurement with a new method using the multiturn acquisition facility of the
Beam Orbit Measuring system [18]. The β* at IP4 was also measured [17] for later use in a



















Fig 11: Cross calibration results for the three instruments (Wire Scanner BEWV, SR
Telescope BEUV, X-Ray detector BEXE) and emittance deduced from the Luminosity in IP4.
There are three time slots in this test. In the first one, from 23:00 to 24:00, the data of the
SR telescope agrees well with the wire scanner data. In the second period (00:00 to 1:45),
there is a slight difference of 0.2 nm between the two instruments. The only change in LEP
was the β* measurement at IP4. In the third period, after 1:45, the beams were put in collision
in one intersection (IP4) and a separator scan done for optimising the head-on collision. When
the beams were colliding, there was an increase, with respect to the measurements of the other
instruments, of the SR Telescope emittance values by 0.7 nm which can only be explained by a
change in β due to beta-beating. It has to be noticed that the SR telescope data agrees with the
emittance calculated from the wire scanners, the X-Ray detectors and the Luminosity data of
the ALEPH detector at IP4 to better than 0.2 nm during a short period of the scan when the
beta-beating was probably minimum. From this test it was concluded that the beam sizes
measured by the detectors give emittances which are in agreement to better than 0.5 nm if the
βs are known to this accuracy.
Another cross-calibration session was performed in early 1994, but unfortunately the X-
Ray detector could not participate. All four telescopes participated in the test together with
the Wire Scanners. This time, the beams were kept separated and the βs were measured at
each data point. To begin with, LEP was optimised so as to produce the smallest possible
vertical beams. The wire scanners were used as reference monitors and provided upper limits
for the corrections. The measured vertical emittances were 0.15 nm for electrons and 0.2 nm
for positrons. The correction coefficients were calculated from the various telescope scans.
The beams were then blown-up by driving them close to a synchro-betatron resonance and a
new series of measurements was performed. The wire scanners gave vertical emittances of 0.6
nm and 0.9 nm. The comparisons here are more difficult as the beams experienced instabilities
at frequencies around 700 Hz which have different effects on both monitors. The results are
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Fig. 12: Comparative emittance measurements with the Wire Scanners (BEWV) and the
SR Telescopes (BEUV)
From these measurements, it can be deduced that both instruments agree to better than
0.2nm vertically and that the model used for the corrections is adequate down to these
emittance values. The most important factor for the absolute precision of the detectors is now
the precision of the knowledge of the lattice functions at the detectors.
7. CONCLUSION
Since the LEP start-up, the Synchrotron Radiation telescopes BEUV are the operational
tool for observing the behaviour of the beams and measure with precision the beam emittances
[21]. They are used in general in the TV mode integrating the light coming from all bunches of
a beam over 224 LEP turns. They can also be used for measuring individual bunches with the
help of a fast shutter, down to a turn-by-turn mode (burst mode), but with an additional
degradation. This latter mode will become more important when LEP operates in the bunch
train mode in 1995. Another possibility of the instrument are tail studies.
The X-Ray detectors BEXE are becoming available for daily operational use. They
measure the vertical size of the individual bunches on a turn-by-turn basis over 1000 turns.
They will be very interesting for observing instabilities in the vertical plane. It is foreseen to
modify them so as to be able to observe individual bunches in bunch trains.
The Wire Scanners BEWH/V are the reference monitors for checking the other devices.
They require stable beams and are limited in total circulating current by destruction of the
wires from electromagnetic heating by the beam. Recent progress has extended this limit
above 4 mA total current.
The Streak Camera is a good tool to observe beam instabilities and to assess the stability of
the beams.
The precise knowledge of the optics functions conditions the precision of the calculated
Emittance values. The theoretical values provided by MAD are not good enough for a
precision determination of the emittances. With separated beams it is possible to measure
these functions and to give the vertical emittances with a precision of 0.2 nm. No
measurement method is available with colliding beams. The precision of the emittance values
is determined in this case by the precision of the estimation of the optics functions.
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